The development of efficient low-loss electro-optic and nonlinear components based on silicon or its related compounds, such as nitrides and oxides, is expected to dramatically enhance silicon photonics by eliminating the need for non-CMOS-compatible materials. While bulk Si is centrosymmetric and thus displays no second-order (χ (2) ) effects, a body of experimental evidence accumulated in the last decade demonstrates that when a strain gradient is present, a significant χ (2) and Pockels coefficient can be observed. In this work we connect a straingradient-induced χ (2) with another strain-gradient-induced phenomenon, the flexoelectric effect. We show that even in the presence of an extremely strong strain gradient, the degree by which a nonpolar material like Si can be altered cannot possibly explain the order of magnitude of observed χ (2) phenomena. At the same time, in a polar material like SiN, each bond has a large nonlinear polarizability, so when the inversion symmetry is broken by a strain gradient, a small (few degrees) re-orientation of bonds can engender χ (2) of the magnitude observed experimentally. It is our view therefore that the origin of the nonlinear and electro-optic effects in strained Si structures lies in not in the Si itself, but in the material providing the strain: the silicon nitride cladding.
INTRODUCTION
Silicon photonics [1] is a rapidly expanding field promising the monolithic integration of electronic and photonic devices into versatile optoelectronic circuits, including both passive and active optical components. Optical modulators are a key components of any photonic circuit and while a variety of Si modulators [2, 3] have been demonstrated, their performance characteristics remain inferior to other modulators, such as LiNbO3, GaAs, or polymers and other electro-optic materials in which the index change is achieved by means of Pockels effect. Unlike these compounds, Si is a centrosymmetric material, and the Pockels (or linear electro-optic) effect is absent in it. Therefore, a refractive index change in Si is usually achieved using carrier injection and depletion, which limits the speed, increases insertion loss, and reduces linearity of the modulation. When it comes to all-optical devices, such as frequency converters, parametric oscillators, and so on, once again the inversion symmetry of the Si lattice makes all the second-order (or  (2) ) effects vanish, requiring the use of less efficient third order (or χ ( 3) ) phenomena. To achieve high performance one is often forced to use bonding techniques to integrate passive Si waveguides with active LiNbO3 , polymers [4] or III-V [5] components. The significance of a method to alter the crystal structure of Si to obtain substantial χ (2) (and as a special case of it, a nonzero Pockels coefficient) could not be overestimated.
So, it is not surprising that when the linear electro-optic effect was first observed in strained Si [6] it was greeted with excitement, because not only was the effect strong, but also it could be engineered by changing the strain [7] . Prior works on second harmonic generation in Si [8, 9] were also rediscovered around that time, and, while many researchers have concentrated on the realization of strained-silicon devices for integrated optics [10] [11] , a number of extensive studies with the goal of determining the cause of second order nonlinearity in Si has been performed [12] [13] [14] . In that respect, the inversion symmetry of Si could only be broken in the presence of an inhomogeneous strain [15] . This implies that the second order susceptibility is proportional to the strain gradient, which makes it much smaller than the value experimentally measured. A number of theoretical works [8, 16] have attempted to explain the origin of the second order nonlinearity and Pockels effect, but none agreed with measurements. In the most recent work [17] it was suggested that interface charge effects can play an important role, which might partially account for the slow Pockels effect, but they cannot offer a plausible cause for fast second harmonic generation. Essentially, as pointed in [15] , the Si-Si bond is homo-polar and has no second order hyper-polarizability [18] , and hence χ (2) =0. Therefore, to attain a χ (2) value that is on the order of tens of pm/V, as measured in [6, 10, [12] [13] [14] (i.e. comparable to that in III-V materials and perovskites, such as LiNbO3), the strain gradient must induce fields that would produce asymmetric distribution of bond charge similar to that in heteropolar materials. Such fields then must be comparable in the magnitude to the intrinsic fields in the Si bonds themselves, i.e. roughly 10 8 -10 9 V/m, which, as a simple estimate made in [15] and expanded further on in the present paper clearly deems unfeasible.
But if the strain gradient cannot make the pure covalent bond polar enough to produce the measured second order effects, why can't it simply re-arrange the already polar bonds to produce a large χ (2) , just as an electric field induces a non-zero χ (2) in electro-optic and nonlinear polymers? The polar bonds are already present in all the strained Si structures in which the second order nonlinear effects have been measured. These bonds belonged to the "stressors": the Si3N4 or SiO2 cladding layers deposited onto Si. While the SiO2 bond is almost entirely ionic and thus has a small bond charge, tetragonal Si-N bonds in silicon nitride are similar to those in GaAs -the charge is concentrated in the bond and is shifted towards N atoms. The four bonds comprising each tetragon do produce a large nonlinear polarizability, but, since silicon nitride is an amorphous, or, rather, a ceramic material, the tetragons are randomly oriented and these polarizabilities cancel. It is our hypothesis that a strain gradient can "orient" these tetragons in a preferential direction, resulting in a nonzero χ (2) .This hypothesis is based on well-known recent results that show silicon nitride films are known to possess both  (2) and a Pockels coefficient [19] [20] [21] [22] [23] whose origin has not yet been fully understood. We also make clear the connection between the strain-gradient induced χ (2) (SGI-χ (2) ) and flexo-electric effect [24] [25] , in support of our hypothesis. Our estimate shows that only "orientation" or "poling" of the Si-N bonds under the strain gradient can explain the order of magnitude of the SGI-χ (2) and SGI Pockels coefficients observed in all the experiments to-date.
ESTIMATE OF STRAIN-GRADIENT INDUCED Χ (2) In Si
The second order nonlinearity in heteropolar covalent materials originates from the asymmetry of the individual bonds between the anion and cation (e.g., a group III such as As and group V such as Ga ions). The effective potential difference between the anion and cation that pulls the bond charge towards the anion (As) is typically referred to as the heteropolar contribution to the bandgap C [26] [27] [28] , which is commensurate with the difference in the electronegativities of the anion and cation. For GaAs this value equals 4.3 eV [29] . According to the bond charge theory of nonlinear susceptibilities [18] , nonlinear polarizabilities of individual bonds are proportional to C, until C becomes very large and the bond turns ionic (This is what happens in crystalline SiO2 , quartz, where  (2) is small despite a lack of inversion symmetry). The second order susceptibility  (2) then results from a summation over the individual bonds. For amorphous materials this summation yields zero, but for the stoichiometric arrangement of a zinc blende lattice this summation yields a large non-zero (2) xyz χ (the susceptibility is large along the directions of four tetragonal bonds). One can show that within an order of magnitude, the second order susceptibility can be estimated as .Similar results can be obtained for other materials with tetragonal bonding, like ZnSe and GaP [30] .Therefore, in general, the order of magnitude of SGI- (2) can be estimated for strained silicon as
where ( ) eff u E ∇ is the effective field produced by charge redistribution due to a strain gradient.
The third order susceptibilities of Si and GaAs are comparable in magnitude (they differ by a factor of 2 as
The reported value of SGI-χ (2) varies in magnitude, but there is a body of evidence [6, 10, [12] [13] [14] it they can be as high as a few tens of pm/V , or, roughly 10-20% of GaAs χ (2) . To achieve this, an effective electric field on the scale of (this field is also commensurate with the breakdown field of Si). Therefore, roughly a 4% distortion in the lattice over one bond length would be needed to attain the observed (2) χ in strained Si, meaning that the strain gradient should be Thus, simple motion of ions induced by the strain gradient is not sufficient to engender large second order nonlinearities. This can be generalized, of course, for any single crystal material. To further explore the effect of strain gradients, it is E eff instructive to turn attention to another phenomenon associated with it -flexoelectric effect in solids.
FLEXOELECTRIC EFFECT AND ITS RELATION WITH STRAIN-GRADIENT INDUCED Χ (2)
The flexoelectric effect [24, 25] is an electromechanical effect in which the dielectric polarization P exhibits a linear response to a gradient of mechanical strain u ∇ . Long known to exist in liquid crystals and soft matter [32] it was first identified in solids theoretically by Mashkevich and Tolpygo [33, 34] and the first phenomenological framework for the description of this effect was offered by Kogan [35] in 1964, while the microscopic theory was developed soon afterword by Harris [36] . Since then, the flexoelectric effect has been observed in both ceramics [37, 38] and single crystals [39] [40] [41] . It was found to be significantly stronger in ceramics than in single crystals -a fact that that is highly relevant to the present work, as we establish the connection between flexoelectricity and SGI-χ (2) .
The flexoelectric effect is usually introduced [24] by generalizing the thermodynamic potential used for the description of piezoelectricity,
where c is an elastic constant, χ is the susceptibility, P is polarization, u is strain, σ is stress, ϑ is the piezoelectric coefficient, and f is a flexoelectric coupling coefficient (in units of volts). Minimizing the potential relative to polarization i.e. setting / 0
e χϑ e χ = + + ∇ P E
The second term in (3) is a piezoelectric term and
is piezoelectric coefficient (which we drop for centrosymmetric materials) and the last term is obviously a flexoelectric one. The flexoelectric coefficient, which is a fourth rank tensor, can be defined as
Let us now consider a material that is not piezoelectric but has third order optical polarizability χ (3) and re-write the thermodynamic potential as Minimizing this potential immediately yields
e χ e χ e χ e χ = + + ∇ + ∇ P E EEE EE (6) The
= ∇ , and where we introduced flexononlinear coefficient as a sixth rank tensor
It is easy to see [24, 25] by comparing (6) with (1) that the term f u ∇ plays the role of the effective field ( ) eff u E ∇ and once f is known SGI χ (2) can be determined as well.
Indeed, the flexo-coupling coefficient f is easy to estimate from rather general considerations as has been first done by Kogan [34] . He had considered a unit cell of material, say a cube with side a of about few angstroms. When a huge strain gradient is on the scale of ~1/ u a ∇ is applied the cell becomes completely distorted. The polarization change is on the scale of and SGI-χ (2) should remain much less than 0.1pm/V, in agreement with our estimate in the previous section. Again, this value clearly disagrees with the body of evidence indicating that the actual SGI-χ (2) can be at least three to four orders of magnitude higher the that.
ALTERNATIVE MECHANISM OF STRAIN-GRADIENT INDUCED Χ (2)
The connection between SGI- (2) and flexoelectricity not only establishes the fact that in single crystal materials both phenomena are very weak, but also help us to establish an understanding of why and in which materials SGI- (2) can be high. While the magnitude of the flexoelectric effect in all single crystal materials is indeed low, the situation is different in perovskite ceramics [42] [43] [44] [45] where the magnitude of the flexoelectric coefficient f in excess of 1000 has been measured. In liquid crystals, the flexoelectric coefficients are even higher than that [46, 47] . To comprehend the origin of this large SGI polarizability, one must recall that in both perovskite ceramics and liquid crystals the individual bonds (individual molecules) already possess large electric dipoles, but, due to their random orientation, a macroscopic polarization is absent. The strain gradient, however, provides a preferential direction along which the bonds (molecules) tend to align. As mentioned above, a strain gradient acts in a fashion similar to the electric field, and the net result is "poling" of the material, conceptually similar to poling by the electric field in perovskites (LiNbO3) [48] or polymers [49] . It is important that no complete orientation is required -as long as the average projection of the individual dipole on the axis of strain gradient is distinct from zero, a reasonably large macroscopic polarization would result, as indeed the case in liquid crystals and ceramics subject to strain gradients.
Considering the similarity between flexoelectricity and SGI-χ (2) established here, and the fact that SGI-χ (2) is always associated with the presence of SiN it is then reasonable to make a conjecture that the origin of the SGI-χ (2) is straingradient-induced "poling" of individual bonds in SiN ceramics.
To estimate the magnitude of the "poling", consider Now, when the strain gradient is applied one can consider two possibilities. First, , the tetragonal bonds get distorted and the angle between the bonds equal to 108.9 degrees is no longer maintained, as shown in Fig. 2b . As mentioned in the literature on the flexoelectric effect [24, 25] , the strain gradient acts as an effective electric field. This field, as has been shown above, is not sufficient to cause the displacement of charge density inside the bonds that would be commensurate with the observed values of nonlinear susceptibilities. However, this field may be sufficient to cause small rotation of bonds, particularly during the growth/deposition process. Since Si and N atoms have different charges (and also masses) the bonds would rotate to align in a vertical direction. The vertical effective force exerts a torque proportional to Substituting it into (8) one obtains
We then can estimate the order of magnitude the SGI-χ (2) in silicon nitride by comparing it with χ (2) in GaAs which according to [18] is ( ) 
(2)
1.5
The nonlinear polarizabilities of SiN and GaAs bonds should be of comparable magnitude since on the one hand SiN has wider bandgap (and hence shorter bond length), but on the other hand the polarity is larger in SiN. In addition, the density of bonds in Si3N4 is higher. Therefore, for order-of magnitude estimate one can simply assume the term in front of δθ in Eq. (10) equal to 1.5. Then, to obtain a SGI-χ (2) equal to 10% of GaAs, i.e. on the scale of few tens of pm/V (comparable to measurements and to LiNbO3) the average bond rotation angle δθ should be around 3-5 degrees. This number is relatively small and it is quite possible that in heavily hydrogenated Si3N4 this indeed happens during the growth process. In fact, during growth the individual bonds may behave in way similar to liquid crystal molecules that are known to align along the a strain gradient [31, 47] .
Another possibility is that under a strain gradient the individual tetragons remain rigid, but they do rotate relative to each other in such a way that the probability of the vertical Si-N bond pointing upward is higher than probability of it pointing downward. This situation is shown in Fig. 2c and the bonds that are closest to being vertical are shown in thicker lines. Then, the nonlinear dipoles of individual tetragons no 
longer compensate each other and a nonzero SGI-χ (2) ensues.
To estimate the nonlinear susceptibility we describe the orientation of n-th tetragon by the angle made by the most vertical of four bonds (shown by the thick line in Fig. 3c ) with the vertical axis, v θ . Then, we assume that the probability of a given orientation can be written as ( )~1 cos( ). α α + − times more probable than a "downward looking" orientation. Now, performing a summation of individual bond contributions, one can obtain the relation
0.7
This indicates that for ~.14 α , i.e. a relatively small degree of "tetragon poling", the values of SGI-χ (2) reported in the literature will result. Note that one of the possible mechanisms for a non-zero second order susceptibility in SiN invoked in the literature [21] [22] [23] has been the re-orientation of Si clusters with broken inversion symmetry [51] , but no quantitative estimate of the effect had been given. Since each Si-N bond (or tetragon) already carries a large nonlinear polarizability that leads to a large χ (2) with a strain-gradient induced alignment, , it appears to us that it is entirely unnecessary to invoke Si clusters whose nonlinear polarizability is inherently small (since the bonds inside are homopolar).
Likewise, the large experimentally observed χ (2) cannot be explained by a surface nonlinearity, because surface χ (2) effects in a waveguide mode of effective width 
DISCUSSION AND CONCLUSIONS
In this work we have addressed the nature of the secondorder nonlinear effects observed in strained silicon on silicon nitride and pure silicon nitride materials. By connecting the χ (2) induced by strain gradients to the flexoelectric effect and by developing our own effective field theory, we have shown that in the absence of heteropolar bonds, as is the case in Si, the magnitude of the SGI-χ (2) remains at least three orders of magnitude less than that observed experimentally. In this, our result strongly disagrees with those in Ref [16] where large cluster of homopolar bonds with no microscopic nonlinear polarizability somehow managed to produce a large macroscopic χ (2) .
At the same time, when heteropolar bonds with large nonlinear polarizabilities are already present, as is the case with silicon nitride, just a small re-orientation of these bonds can produce a large χ (2) . It is our conclusion that nonlinear and electro-optic effects observed in the strained Si waveguides, starting with [6] , are occurring in the silicon nitride cladding. Our results are supported by the measurements performed in [10] , in which χ (2) was mapped using THz generation and shown to originate from the cladding (Fig. 5b) . Further work [52] has shown that effective χ (2) increases with the reduction of the waveguide dimensions, which can also be explained by the increased mode penetration into the silicon nitride cladding. It was further shown in [53] that the nonlinearity can be activated by the formation of Si-Br bonds during an HBr dry etching process, and we predict a similar effect for SiN bonds. Finally, the fact that χ (2) has been observed in SiN waveguides that are naturally strained [19] [20] [21] [22] [23] also serves to confirm our explication.
It is important that in our view the SGI-χ (2) owes its existence to the amorphous, or rather ceramic structure of SiN, which, coupled with the large number of defects due to hydrogenation, allows the bonds to be poled by the amount that is small but sufficient to explain the observed SGI-χ (2) . This re-orientation would be highly improbable in a rigid single crystal lattice, consistent with the fact that the flexoelectric effect becomes substantial only in amorphous materials.
To conclude, we reiterate that electro-refractive modulators in CMOS-compatible materials that lack free-carriers can be faster, more efficient, and more linear than current freecarrier based devices. In addition, a second-order susceptibility in these materials is critical for efficient frequency converters and parametric oscillators. Together with additional experiments that focus on strain gradients in SiN, we believe that our explication will lay the foundation for these improved silicon-based waveguide devices. Such waveguides could be based on either silicon cores with strained SiN claddings or directly strained SiN cores.
